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Abstract
Electrohydraulic servovalves are used in a variety of industrial, military,
and aerospace applications. For some of these applications the servovalve
must meet stringent dynamic performance criteria while under the influence of
external disturbances. The most common of these external disturbances is
vibration. Vibration can not only have an affect on valve performance, but can
also affect valve stability.
This thesis deals with the development of a dynamic model of the
amplifier lines and line orifice of a two stage servovalve. The amplifier lines are
thought to affect the stability of two stage servovalves under vibration. The
amplifier lines are the hydraulic
'communicator'
between the first and second
stages of the valve.





servovalve with a history of vibration induced stability problems. For this valve,
there are certain amplifier line and orifice configurations that cause the valve to
exhibit increased stability under vibration. The results of the model simulations
for known stable and unstable configurations are discussed.
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For a variety of high performance industrial, military, and aerospace
applications, hydraulic power is the primary choice for use in motion control
systems. These systems consist of three primary components: a source
(usually a pump), a valve, and an actuator. The valve controls the flow of oil
through the system. Most flow and pressure valves control the flow of oil by the
movement of a precision machined spool. The movement of the spool opens
and closes the valve ports to control the flow of oil.
There are a variety of hydraulic valves suitable for motion control
applications. Those commonly used in automatic control systems are referred
to as servovalves. Servovalves are typically designed to be used in a closed-
loop control system. Not only are these valves used in a closed-loop system,
but typically the valves themselves are closed-loop systems. The closed-loop
servovalves is due to a feedback mechanism between the spool and the valve
actuating mechanism.
Hydraulic valves can have a variety of actuation mechanisms. Some
hydraulic valves actuate the spool by use of a manual input. Servovalves
typically have a means of commanding spool position from a remote location
or by an automatic mechanism. This actuation mechanism can be electrical or
mechanical. The most typical actuation mechanism is an electromagnetic
torque motor.
For high performance applications where pressure or flow need to be
accurately controlled, a two stage servovalve is typically employed. The two
stage valve has an internal feedback mechanism which controls the position of
the valve spool to achieve the desired output. The two stages of the valve allow
the valve to produce higher pressure and flow outputs from a small input
signal. This allows the use of low power control signals which is
advantageous in most applications.
Two Stage Servovalves
The two stage servovalve consists of a first stage which transforms the
command signal (electrical or mechanical) into a hydraulic signal. This
hydraulic signal is transmitted to the second stage of the valve. In the second
stage, the hydraulic signal causes a pressure differential across the ends of
the spool. This pressure differential produces a force that causes the spool to
move. The spool movement opens or closes the valve control ports that
regulate the flow of oil to the system. Two stage servovalves also include a
feedback mechanism in which spool position is fed back to the first stage.
This closed-loop design allows spool position, and therefore output, to be
controlled accurately.
The most common two stage servovalve is a nozzle-flapper two stage
servovalve. A schematic representation of a two stage nozzle-flapper flow













Figure 1-1 Two Stage Servovalve
For high performance applications, servovalves may have to perform
under extremely demanding conditions. Environmental conditions that may
affect the valve are temperature, presence of small debris, and vibration.
These conditions put stringent demands on valve dynamic performance and
stability. Traditionally, the design of servovalves has been based on simple
mathematical models and experience. More recently, complicated servovalve
models have developed which require the use of digital computers to solve.
The models developed typically have sufficient accuracy to be useful in
designing a valve to meet dynamic performance requirements. The models
can help to identify some stability problems, but experience is still the primary
factor in identifying and correcting valve stability problems. Solving valve
stability problems in this manner involves a great deal of trial and error. The
trial and error method is highly inefficient and very expensive.
To help reduce the amount of trial and error design work involved in
identifying and solving valve stability problems, valve models are being
developed which include the dynamic characteristics of the valve that are
thought to affect stability. These characteristics may have been neglected in
previous models because they have negligible or insignificant effects on valve
performance.
1.2 Reason for this Thesis
For valves that use electrical control signals, permanent magnet torque
motors are typically used to convert the control signal into a mechanical signal
to actuate the hydraulic amplifier. These electromagnetic torque motors can be
prone to oscillation. For valves that use permanent magnet torque motors in
the first stage of the valve, instability commonly occurs when the armature of
the motor oscillates uncontrollably. Wild armature oscillations can lead to
premature failure of the armature. When the armature fails, the valve fails.
Oscillation can be brought on by something as simple as overmagnetizing the
permanent magnets. In other instances valve operating conditions can cause
the armature to oscillate. Valves that operate under vibratory conditions may
experience vibration induced armature oscillation which can lead to failure of
the armature structural element. Failure of the armature structural element
renders the valve useless. For this reason, the vibration induced armature
oscillations are of great concern to designers and manufacturers of
servovalves. This problem of vibration induced instability is the reason for this
thesis.
Demanding servovalve applications have increased the severity of valve
operating conditions. Servovalve models developed to date have focused
primarily on predicting valve dynamic performance. With the increasing severity
of valve operating conditions, valve stability has become a growing problem for
servovalve designers. To try to solve the stability problem in a more efficient
manner than trial and error, servovalve models are being developed which
focus on predicting and understanding valve stability. The focus of this thesis
is on developing a dynamic model that improves upon a two stage servovalve
model developed by a servovalve manufacturer. The area of focus for model
development was the valve amplifier lines. The amplifier lines were chosen as
an area of focus because these hydraulic transmission lines are thought to
affect valve stability under vibrational inputs. The amplifier lines
'communicate'
between the first and second stages of the valve. This
'communication'
is
thought to be the key to solving vibration induced stability problems. Valve
vibration causes the spool to vibrate in the spool chamber. The oscillation of
the spool can act to attenuate or amplify the vibratory input. The amplifier line is
hypothesized to be what determines whether the motion gets amplified or
attenuated.
New Model Verification
To verify the accuracy of the improved valve model, a valve with known
stability problems was analyzed. The specific valve chosen for analysis
undergoes unwanted armature oscillation when the valve experiences vibration
in the 3300 Hz - 3500 Hz frequency range. The oscillation is the result of a
vibrational mode in the armature component which has a natural frequency at
about 3400 Hz. This mode of vibration involves horizontal armature translation
while the armature was designed to move in a rotational sense. This
horizontal motion causes premature fatigue failure and is particularly
damaging to the armature. The valve is used in an environment where it often
experiences vibrations in the prescribed frequency range. Once the armature
fails, the valve is inoperable.
Previous Trial and Error Solution
The manufacturer of the valve came up with a trial and error solution to
the stability problem for this particular valve. The solution was to decrease the
size of the amplifier line and add a damping orifice between the amplifier line
and the spool. It is speculated that this solution worked because it kept the
vibrations in the second stage (spool vibration) from being transmitted to the
first stage. The valve model developed by the manufacturer, while capable of
predicting response trends, was unsatisfactory at predicting valve stability. It
was hoped that the solution could be verified with an improved valve model.
Ideally the model would be able to predict unstable behavior for the known
unstable valve configurations and stable behavior for the known stable valve
configurations. This is the primary goal of this project.
It is impossible for the model to predict that the armature will not
oscillate when the valve experiences vibrations in the 3300 Hz - 3500 Hz range.
This range includes the natural frequency of a structural vibrational mode that
is intrinsic to the structure of the armature. Theoretically, any vibration at this
frequency will excite this mode. However, the degree of stability can be
increased by decreasing the magnitude of the vibration that the armature
experiences. If the magnitude of the oscillation can be reduced, armature
failure may be avoidable.
Stability Assessment
By predicting the degree of stability for known stable and unstable valve
configurations, it is hoped that this thesis will provide servovalve designers with
a tool that will aid in avoiding and correcting servovalve instability problems.
With servovalve models that can accurately predict valve performance and
stability, designers can produce initial designs that are more likely to meet
performance and stability requirements. This would cut development and
redesign costs by improving initial designs. In addition to improving the design
of new valves, the model would also aid engineers in assessing and correcting
existing stability problems.
1.3 State ofCurrent Knowledge
Due to the fact that servovalve technology is not considered 'cutting
edge', most valve research is conducted by servovalve manufacturers. As a
result, many of the improvements in servovalve design and modeling
techniques do not get reported to the general public due to proprietary
concerns.
There have been a variety of servovalve models developed with
emphasis on predicting valve performance. The design techniques for
achieving desired valve performance are well developed. Theory governing the
performance of servovalves can be found in many fluid power textbooks
(Blackburn, 1960; Merritt, 1967). However, applications have pushed the
performance envelope to the point that stability has become a major concern.
With increased incidences of valve instability, companies are now beginning to
investigate the mechanisms that can cause a valve to become unstable.
The model developed by the manufacturer of the valve analyzed in this
thesis is a linear model that takes into account all subsystems of the valve.
The model assumes that the control ports are blocked meaning that there is no
flow through the control ports of the valve. This simplifies the dynamics of the
valve by neglecting the flow forces on the spool (Blackburn, 1960) and external
loading effects.
1.4 Thesis Overview
This thesis consists of five major sections: lntroduction(Chapter 1),
Methodology(Chapter 2), Results(Chapter 3), Discussion of Results(Chapter
4), Conclusions and Recommendations(Chapter 5). Chapter 2 describes how
the amplifier line and orifice models were developed and simulated to assess
stability. Chapter 3 give the results of the computer simulations while Chapter
4 gives a discussion of what these results mean and how they relate to valve
stability. The final chapter discusses what can be concluded from the work
performed, gives recommendations for future work in this area, and gives
recommendations for the application of the products of this thesis.
2. Methodology
2.1 Modeling Overview
The development of a mathematical model for a physical system
typically begins by identifying the physical laws which govern the behavior of the
system. The governing equations for the system can then be obtained by
carefully applying these physical laws to the system. This can be difficult if the
system is complex. To help simplify the modeling of dynamic systems, various
techniques have been developed. One such technique that is particularly
useful for lumped parameter systems is the use of bond graphs(Karnopp et al,
'90).
The bond graph modeling technique is a graphical technique in which
various system components are connected by lines representing power bonds.
These bonds dictate the flow of energy through the system. The bonds
represent the transfer of effort and flow variables through the system. Once the
bond graph for a system has been developed, the system state equations and
system block diagrams can be derived from the bond graph.
Bond graphs typically consist of three types of elements: sources,
junctions, and component models. Sources are elements which act as
sources of energy for the system. Junction elements describe the interaction
between various elements of the system. Component models are the models
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which represent the constitutive laws governing system components. In
addition to these three major classes of elements there are also energy
transforming elements. The typical energy transforming elements are referred
to as transformers and gyrators. These elements are widely used in systems
that cross between various energy domains. An example would be an
electromagnet which transforms electrical energy into magnetic energy.
Among the three major types of elements, there are further
classifications. For sources, there are two types: effort source and flow
source. Effort sources dictate effort to the system while flow sources dictate
flow to the system. There are typically two types of junction structures: effort
junctions (referred to as a
'1'
junction) and flow junctions (referred to as a
'0'
junction). Effort junctions represent a summation of efforts of the bonds
connected to it. For an effort junction, the sum of the efforts in equals the sum
of the efforts out. An effort junction also has a characteristic that all of the
bonds connected to it have the same flow. Hence, a
'1'
junction is sometimes
referred to as a 'common
flow'
junction. In a mechanical system, this would be
analogous to force summation. Flow junctions represent a summation of the
flow variables of the bonds connected to the junction. Flow junctions dictate
that all of the bonds connected to them have the same effort. Hence,
'0'
junctions are sometimes called 'common
effort'
junctions. As for component




capacitive elements(C - elements), and resistive elements(R - elements).
Inductive components are components which are capable of storing kinetic
energy. For mechanical systems, inductive components would be masses or
inertias. Capacitive elements are elements that store potential energy. These
elements are typically springs in mechanical systems or capacitors in electrical
systems. Resistive elements are typically elements which bleed energy from
the system. These elements are typically represent friction in mechanical
systems and resistances in electrical systems. Table 2-1. shows various
elements and their electrical and mechanical equivalents.
Table 2-1 Bond Graph Elements and their Equivalents
Element Electrical System Mechanical
System
I - element inductor mass
C - element capacitor spring
R - element resistor dashpot
'1'
junction series connection parallel connection
'0'





flow variable current velocity
effort variable voltage force
As mentioned previously, the lines connecting the elements of the
system represent the effort and flow variables between the components. For a
single bond, the effort and flow variables must travel in opposite directions.
This means that both elements can't be imposing effort (or flow) on the same
12
bond. One must dictate the effort, the other dictates the flow. This causality
relationship is represented in bond graphs by the use of causal strokes.
Causal strokes are short lines perpendicular to the bond line on the end of the
bond to which the effort is traveling.
h
Effort travels Effort travels
left right
In addition to causal strokes, half arrows are typically placed on the
bonds to indicate the direction of positive energy flow
The form of the constitutive law for component models depends on the
assignment of these causal strokes. This is because the causal strokes
determine whether the input to the component is effort or flow. The constitutive
laws for typical linear inductive, capacitive, and resistive elements are shown
for effort and flow inputs in Table 2-2. Notice that the governing equation for an
inductive element involves integration when effort is the input to the element.
This is referred to as integral causality. The same is true for a capacitive
element with flow input.
13
Table 2-2 Constitutive Laws for Component Models
Element effort input flow input





R - element f=yRe e = Rf
To illustrate the bond graph modeling technique, a bond graph will be






Figure 2-1 Example Circuit
To begin, the nodes of the system are identified and designated as
'0'
junctions. Nodes are flow junctions(current entering a node
= current leaving
node). The elements between nodes are attached to a
'1'
junction placed










1 z Sf: i = 0
Figure 2-2 Preliminary Bond Graph
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The flow source, Sf, with current equal to zero allows Vout to be measured
without affecting the rest of the circuit. This is analogous to a voltmeter which
ideally draws no current from the circuit it is measuring. The bond graph can
be simplified by choosing a node to be ground and eliminating the zero power
bonds connected to it. In this case, the bottom
'0'
junction was chosen to be
ground. It doesn't necessarily have to be ground, but it will be a reference
voltage for the rest of the circuit. Then all zero power bonds are collapsed. The
completed causal bond graph for this example is shown in Figure 2-3.
:L C
Se:Vin ^l1 ^0 * Sf:i=0
>
R
Figure 2-3 Causal Bond Graph for Example Circuit
These same modeling techniques were employed in the development of
the models for the amplifier line and the damping orifice. The specific
development of the these models is discussed in Section 2.3.
2.2 Simulation Overview
For some simple systems, the governing equations are such that closed
form solutions are possible. In some instances, simplifying assumptions can
be made when modeling a more complex system that allow closed form
15
solutions to be obtained. However, for more complicated systems the
solutions must be obtained numerically with the aid of digital computers.
Digital simulation can be accomplished by coding the differential
equations into a computer using appropriate numerical techniques.
Simulation can also be performed using software packages capable of solving
differential equations. There are also software packages that allow the use of
block diagrams or bond graphs to be used to simulate systems.
Two useful software packages used for analysis of dynamic systems
are
MATLAB
and Simulink. The combination of these two software packages
was used to perform the dynamic analysis of the servovalve model studied in
this thesis.
Block Diagrams
As mentioned in section 2.1, the block diagram of a system can be
obtained from the bond graph of the system1. To analyze the amplifier lines,
the bond graph was converted into a block diagram and implemented in
Simulink. The
Simulink
block diagrams generated are Laplace domain





systems with user defined initial conditions.
1
Commercial software is available from RosenCode Associates, Inc. which is capable of converting bond
graphs to block diagrams
16
For this thesis, all initial conditions were taken to be zero. This allowed the
amplifier line model and orifice model to be implemented into the existing
Simulink
servovalve model.
To illustrate how a block diagram can be obtained from a bond graph, a
block diagram will be developed for the example system shown in Figure 2-1.




junctions are represented as
summations of the appropriate flow or effort values. It must be kept in mind
that the flow on all bonds connected to a
'1'
junction is the same for all the
bonds while the effort on all bonds connected to a
'0'
junction is the same for
all the bonds. The element models are then replaced by the block diagram for
the constitutive laws of the element. The block diagrams for integral causal



















P = pressure (effort variable)
q
=
volumetric flow rate (flow
variable)
Figure 2-4 Block Diagrams for Integral Causal Elements
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Using these elements, a preliminary block diagram of the bond graph in












Figure 2-5 Block Diagram of Example System
Notice that this block diagram intuitively makes sense. Voltage is the
input to the circuit while the circuit determines the input current. When voltage
is the circuit output, the system to which this voltage is applied determines the
output current. In this case, the output of the circuit is connected to a system
which has very high input impedance (say an oscilloscope). Therefore the
output current is zero. Depending on the purpose of the model all of the inputs
and outputs shown in Figure 2-5 may not be of interest. If this is the case, the
Simulink
block diagram would only include those inputs and outputs that are
necessary and those that are of interest. In addition, there may be some other
parameters in the block diagram that are desired as outputs. The block
diagram can be modified to make these parameters outputs. These
modifications can be made in the
Simulink




block diagram for the system shown in Figure 2-




Block Diagram for Example System
Model Simulation
Once the model is entered into Simulink, the variables defining the
parameters in the model have to be given numerical values. Script files can be
written in
MATLAB
to define these variables. Since the system is linear,
MATLAB
can then be used to generate a state space model of the system
through the LINMOD command. For non-linear systems, LINMOD cannot be
used so the user must specify the state space model. Once the state space
model is defined a variety of dynamic analyses can be performed in MATLAB.
For the purposes of this thesis, attention will be restricted to linear systems.
Two useful analysis techniques are s-domain analysis and frequency domain
analysis. Since the valve only exhibits unstable behavior at certain frequencies,
frequency domain analysis was used to study the stability of the servovalve.
For complex systems, subsystem analyses and simulations can be performed
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in addition to analyzing the entire system. The frequency response functions of
various subsystems can be used to evaluate the subsystem's effect on overall
system stability.
Frequency Response Plots
One point worth mentioning is that many systems are
multi-input/multi-
output systems (MIMO). The example system shown in Figure 2-1 is a MIMO
system. Frequency response plots show the relationship between one input
and one output. This must be kept in mind when analyzing the system
frequency response functions (FRFs). For example, if the relationship between
input voltage, and input current were being analyzed there would be a
significant difference in their relative magnitudes due to their units of measure.
This would result in a FRF with unusually high or unusually low gains due to
the measurement units. For fluidic systems the same is true when comparing
pressure and flow relationships.
To illustrate the technique employed, a FRF was generated for the
example system shown in Figure 2-1. As mentioned previously, to perform a
numerical analysis, numerical values for the parameters have to be defined.
To analyze the example system, a magnitude frequency response plot can be
generated using MATLAB. This analysis was
performed for the example
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system with R = 10 Q, C = 10 uF, and L = 1 mH. The magnitude plot is shown



















Figure 2-7 Magnitude Plot for Example System
The response of the example system has a resonant peak of
approximately 60 dB at 40 Hz. The 60 dB amplification means that the
magnitude of the output is 1000 times the magnitude of the input. As a result, a
small amplitude input with a frequency near 40 Hz will result in a large output.
If the example system were part of a larger system, this type of response could
be detrimental to system performance and stability. This type of response has
to be taken into account when analyzing system stability. The same is true
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when analyzing servovalve subsystems. Although subsystems of the valve may




The servovalve model used in this analysis was developed by the
manufacturer of the valve being used. Due to proprietary concerns, the
company will not be named and specifics about the valve model separate to
that developed in this thesis will not be discussed.
The valve modeled for this analysis is a two stage electrohydraulic
servovalve. The valve is modeled as a linear system. The model contains all
of the major subsystems and components of the valve. One aspect of the
model worth noting is that it takes into account the motion of the servovalve
body. This is significant in predicting the stability of the servovalve when
subject to vibratory inputs. Stability and performance under vibration is of
concern for some applications. Keep in mind that for the particular valve used
in the analysis, some vibratory inputs have detrimental effects on the valve.
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2.3.2 Amplifier Line Model
To date, various order dynamic models of two stage servovalves have
been developed. The models developed are typically geared toward predicting
desired performance characteristics. These models are simplified as much
as possible to allow ease of analysis without intolerable losses in accuracy.
As a result, many servovalve models neglect the dynamic characteristics of the
amplifier lines. As for models that do include the lines many do not consider
all of their dynamic characteristics.
Modeling Approach
Generally when fluid lines are analyzed analytically, the Navier-Stokes
equations are used. However, for geometries other than a straight tube,
analysis of the fluid as a continuous system is very difficult or impossible in
most cases. To make the analysis of such systems possible, the system is
discretized and analyzed as a collection of simpler systems. In fluids analysis,
finite element and finite difference techniques are generally applied to study
complex fluid systems. While these techniques may be the applicable to the
analysis of the valve amplifier lines, such an approach is computationally
intensive. Another drawback to finite element/difference approach is that it
would be difficult to predict how the dynamics of the line interact with other parts
of the valve, and how the line affects valve stability. Since the interactions are
important to valve stability, it is beneficial to model the amplifier lines in such a
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way that the dynamics of the overall servovalve, as well as the amplifier line,
can be analyzed. Therefore, a lumped-parameter approach was used to
address the current analysis of the servovalve amplifier line and orifice
subsystem models.
Lumped Parameter Model Definition
In the case of the amplifier line, the line is broken into smaller portions
referred to as 'lumps'. By choosing the number of lumps and the lump
attributes properly, the amplifier line can be modeled to virtually any degree of
accuracy desired.
The model developed in this thesis is a linear lumped parameter model
that attempts to capture the major dynamic characteristics of the valve amplifier
lines for the frequency range that is of interest. To do this, the fluid lines were
modeled in terms of their three major dynamic parameters: inertance,
capacitance, and resistance. The modeling techniques discussed in Section
2.1 were used to obtain the amplifier (amp) line model.
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In a fluidic system, the fluid inertance is a measure of the fluids tendency
to resist acceleration. The inertance of the line is what allows the line to store
kinetic energy. Since the velocity profile in the line is unknown, the inertance
parameter is calculated from a simple force balance. For a line section like the




/ = length of line section








Figure 2-8 Fluid Line Section
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The capacitance of the line is the effective
'stiffness'
of the line section.
The line capacitance is what allows the line to store potential energy. The
effective line capacitance includes the fluid compressibility effects as well as
the mechanical compliance associated with the line. The fluid compliance for




where V- volume of line section
B= fluid bulk modulus
The total line capacitance is the sum of the fluid compliance and the
effective mechanical compliance of the valve structure.
C' c +c"- ^mechanical ' ^ fluid
Line resistance is a measure of the frictional losses in the line. Being
that amplifier lines are typically short in length and small in diameter the






Cioss = loss coefficient for line
Vavg
= average fluid velocity (used to linearize R
over flow range of
interest)
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The fluid inertance, capacitance, and resistance parameters are
analogous to the inductance, capacitance and resistance in an electrical





where Q = flow rate through the element
P = pressure differential across the element
/ = line inertance
This is analogous to the electrical inductor where the flow is analogous
to the current through the inductor and the pressure is analogous to the voltage
across the inductor.
The fluidic capacitor has a constitutive law which is analogous to that of
an electrical capacitor. The flow rate is analogous to the current through the







= flow rate through the element
P = pressure differential across the element
C = line capacitance
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The resistance element is also similar to an electrical resistor when the
flow and pressure analogies are made. For linear analysis, the pressure-flow
relationship can be linearized to the following form.
P = QR
The linearized resistance calculation used in the analysis contained in
this thesis was based on the average velocity of the fluid through the fluid line.
The average fluid velocity calculation was based on the range of fluid flow rates
experienced during operation.
Valve Illustration
To help illustrate how the amplifier line affects the functioning of the
valve, a schematic of a two stage nozzle-flapper servovalve is shown in Figure
2-10. The valve functions in the following manner. A command is given to the
first stage of the valve (command can be flow or pressure driven) which then
creates a pressure differential between the two amplifier lines via the hydraulic
amplifier. This pressure differential then creates a pressure differential
between the ends of the spool which causes the spool to move. The spool
movement allows fluid to flow to and/or from the control ports. Most servovalve
models consider the amplifier lines to have no dynamic characteristics. The
lines are typically considered to transmit the pressure differential to the spool
instantaneously. For some pressure and flow ranges, this assumption is
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accurate. However, with higher pressures and higher flow rates, this








Causes Spool to Move







to Pull on Flapper
Figure 2-9 Servovalve Schematic
The servovalve amplifier lines are actually non-linear in nature, however
it was decided that a linear model would be best suited to dynamic analysis of
the valve and would provide adequate accuracy for purposes of this thesis. The
model developed in this thesis uses simple bond graph modeling techniques
as described in Section 2.1. Each amplifier line was divided into two lumped
parameter sections. Models with expanded numbers of lumps will be
discussed in Section 2.4. Each lump has inertance, capacitance, and
resistance elements. Each lump model is a second-order system. A two lump
29
amplifier line model has a total of four lumps (two per line) for a system order
of eight. However, due to symmetry of the lines, the effective system order is
half of this or four (i.e. the system order is two times the number of lumps per
line).
The number of lumps in the amplifier line model can have a significant
effect on the model simulation results. There are guidelines on the appropriate
number of lumps to use to model a hydraulic line (Doebelin, '80). These
guidelines take into account the length of the line and the speed of wave
propagation in the line. This guideline says that a single lump is adequate to
model both amplifier lines. The valve manufacturer's valve model initially
included a single lump amplifier line model. This model was found to be
insufficient for analyzing valve stability characteristics. To improve the model
accuracy, a two lump model was used and each line was modeled as a two
lump line. Each valve has two amplifier lines which results in the amplifier line
subsystem model having a total of four lumps. The two lump model was
chosen to give better prediction of higher frequency dynamics without
overcomplicating the model. The amplifier line
model can be extended to
higher orders by discretizing the line into smaller lumps.
Amplifier Line Model
A conceptual schematic of the amplifier line model that was used to
generate the bond graph for the amplifier line is shown in Figure 2-1
1a.
30
Although the actual valve amplifier lines are seldom straight and may even
have varying cross sections, the nature of the inertance, capacitance, and
resistance terms are such that they can be added to give an overall lumped
parameter for the entire line. This parameter can then be divided up into the
parameters used for each lump. Alternatively, discrete (physical) sections of
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Figure 2-10 (a) Amplifier line with spool, (b) amplifier line only, (c)
electrical
equivalent
The bond graph for the two lump model was created using amplifier
pressures as a causal input and spool pressures as the causal output from
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the amplifier lines to the spool. Flows at the amplifier and at the spool can also
be described with the model. The causal bond graph for the amplifier model
with spool is shown in Figure 2-11. The spool was included in the model to
assure that the interaction between the amplifier line and the spool was
correct. The bond graph for the left and right lines can be seen to the left and to
the right, respectively of the transformer junctions (TF) in Figure 2-11.
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Figure 2-11 Bond Graph ofAmplifier Lines with Spool
2.3.3 Orifice Model Specifics
In addition to the amplifier line being a transmission line, some amplifier
lines include damping orifices to help increase the degree of valve stability.
The orifice is placed between the amplifier line and valve spool. Figure 2-12
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Figure 2-12 Servovalve with Damping Orifice
The damping orifice was modeled as a small transmission line in the
same manner that the amplifier line was modeled. The damping orifice was
modeled as a two lump line with the pressures from the amplifier lines as the
causal input and the pressures to the spool as the causal outputs. The
conceptual model of the amplifier line-damping orifice-spool subsystem is









Figure 2-13 Conceptual Model ofAmplifier Line, Damping Orifice, and Spool
The bond graph for the orifice is the same as the bond graph for the
amplifier line except the parameter I, C, and R are those for the orifice instead
of those for the amplifier line.
2.3.4 Combined Amplifier Line with Orifice Model
The model for the combined amplifier line and damping orifice can be
obtained from the individual bond graphs for the amplifier lines and the
damping orifice. This combination is possible because both models have
pressure as the causal input and the causal output, and the spool requires
pressure as the causal input. Causal bond graphs for the left and right
amplifier lines with damping orifices are shown in Figure 3-14.
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Figure 2-14 Combined Amplifier Line and Orifice Models
For a combined model, both the right and left models shown in Figure 2-
14 must be implemented. These models can be combined with other




The bond graph in Figure 2-11 was mapped into a block diagram of the
right and left amp lines using the method
described in Section 2.1. These two
block diagrams were then combined into a single amplifier line block diagram
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in Simulink. Both lines were included in the same block diagram so that
differential pressure inputs and outputs could be used instead of the absolute
pressures depicted in the bond graph. This was necessary to make the model
compatible with the existing servovalve model. The model has amplifier
differential pressure and flow to the spool as inputs with pressure being the
causal input. The outputs are spool differential pressure and amplifier flow.
The spool flow is the flow between the amplifier lines and the spool chamber.
The amplifier line flow is an output that is also a necessary input (through
feedback) to another part of the valve. The differential amplifier pressure feeds
into the block diagram with half of the pressure differential going as a positive
pressure to the left line and half as a negative pressure to the right line (see
area A of Figure 2-15). This was done because the lower of the two amplifier
pressures may, or may not, be at the system reference pressure. The halving
of the differential was done to try to compensate for this aspect of the model.
The
Simulink




Figure 2-15 Block diagram of Two Lump Amplifier Line
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Individual Line Lump Models
After the two lump model was developed, models for individual line
lumps were created from the original model. Because of the nature of the
Simulink
model, individual models had to be made for lumps from the left line
and lumps from the right line. The sections of the bond graph corresponding to
these two models are shown in Figure 2-16 along with their corresponding
block diagrams. Notice that the left and right line lump models are different .
























Figure 2-16 Left and Right Line Amplifier Lump Models
Adding Lumps
In general, increasing the number of lumps in the
amplifier line model
makes the model more accurate for predicting the
higher frequency amplifier
line dynamics. These individual lump models were generated to
make it
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possible to create a model with as many lumps as necessary to get adequate
accuracy. However, these individual lump models must be used in pairs. For
each lump, a right lump model and a left lump model have to be implemented.
For the left lump models, pressure output is fed forward to the next lump, while
the flow output is fed back to the previous lump. For the right lump models, the
flow output is fed forward to the next lump, while the pressure output is fed back
to the previous lump. Figure 2-17 shows how pressure and flow outputs are
routed when connecting individual lump models. This connection scheme was





Right Lump Model Right Lump
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Figure 2-17 Lump Connection Scheme
Whole Valve Dynamics
The analysis of the amplifier line was
performed in MATLAB*. The
Simulink




command in MATLAB. These state space models were then used to generate
frequency response plots for vibratory input conditions (initial conditions were
assumed to be zero). When the valve experiences vibration, the spool
oscillates inside its chamber which causing fluid to flow through the amplifier
line. As a result, the amplifier line model was analyzed with spool flow as the
input of interest. The output of primary interest was spool pressure differential.
The differential spool pressure is a driver for spool motion. Spool motion gets
fed back to the first stage of the valve (where the armature is located) via the
valve feedback mechanism (usually a spring wire). The vibration of the spool
can also affect the vibration experienced by the armature by inducing valve body
vibration. The spool differential pressure results in a reaction force on the valve
body which can induce vibration. Spool motion is the primary mechanism by
which the amplifier line output can affect the first stage. The effects of the
amplifier on first stage vibration are of interest due to the fact that instability
occurs in the valve's first stage. This is why the spool pressure differential is
the model output of primary interest. However, amplifier line flow was also
analyzed to get an overall idea of the amplifier line dynamics under the desired
input conditions.
Isolated Line Dynamics
The amplifier line was also simulated as a separate subsystem.
Simulated frequency response plots were generated for a variety
of amplifier
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line parameters. The FRFs were generated using the system state space
models obtained in MATLAB. The simulation results were plotted for
analytical purposes. Hence, there are two sets of FRFs without a damping
orifice. One for the amplifier line alone and one for the whole valve. These
FRFs are further discussed in Sections 2.4.4 -2.4.5
Parameter Range
The amplifier line response was simulated for a variety of conditions
pertinent to current design standards and in-service environment. The
response was simulated for amplifier line diameters ranging from 0.020
inches to 0.125 inches and for temperatures ranging from 100F to 400F.
2.4.2 Orifice Simulation Specifics
Since the model for the orifice is the same as that for the amplifier line,
the block diagram for the orifice was obtained from the block diagram for the
amplifier line. This is possible because the models are the same with the
exception of the parameter values. The block diagram for the damping orifice






Figure 2-18 Block Diagram ofDamping Orifice
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The models for the left and right orifice were combined into a single
model so that differential pressures can be used instead of absolute
pressures. When the orifice is included in the valve configuration, the orifice is
placed between the amplifier line and the spool. The inputs to the orifice
model are differential pressure from the amplifier line and flow from the spool
while the outputs are spool differential pressure and flow into the orifice.
The orifice was simulated in
MATLAB
in the same manner as the
amplifier line. The damping orifice has amplifier line output pressure
differential and flow to the spool chamber as inputs and differential spool
pressure and flow from the amplifier line as outputs. For the simulations, the
spool flow was the input of interest due to the fact that valve vibration causes oil
to flow through the orifice as the spool vibrates. Simulated frequency response
plots were generated for both orifice outputs. However, the output of primary
interest was spool differential pressure. The spool differential pressure has an
effect on the first stage of the valve via its effect on spool motion as noted in
Section 2.4.1 . The effects of the response on the first stage are of interest
because instability occurs in the first stage of the valve.
Parameter Range
The frequency response of the orifice was
simulated for the orifice as a
separate subsystem. Frequency response functions were generated
for a
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variety of orifice parameters and in-service operating conditions. Orifice
diameter was varied from 0.010 inches to 0.020 inches and the operating
temperature was varied from 100F to 400F. The simulations were performed
in
MATLAB
using the state space model of the system obtained from
MATLAB. There were three sets of analyses performed with the orifice model:
whole valve dynamics, amplifier line with orifice, and orifice alone. These
analyses will be further discussed in Sections 2.4.3 - 2.4.5.
2.4.3 Combined Amplifier Line with Orifice Simulation
For dynamic models of subsystems to be combined correctly, the inputs
and outputs of each subsystem model have to be compatible with the inputs
and outputs of the subsystems to which they are connected. This is an
important consideration in performing combined model simulations(see
Figure 2-19). In the case of the amplifier line, the amplifier line has amplifier
pressure differential (A) and orifice flow (D) as its inputs while its outputs are
the pressure differential at the orifice (C) and flow through the amplifier line (B).
The orifice model has a pressure differential from the amplifier line (C) and
spool flow (F) as its inputs and spool pressure differential (E) and orifice flow
(D) as its outputs. The spool model has pressure
differential (D) as its input
and spool flow (F) as its output. This flow is fed back to the
orifice model and
the flow from the orifice is fed back to the amplifier line model. The
flow from
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the amplifier line is fed back to another subsystem of the servovalve model.
After taking these considerations into account, the developed models can be
combined for simulation purposes. The combined amplifier line and damping
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Figure 2-19 Combined Amplifier Line and Damping Orifice Model
The combined amplifier line and orifice model was simulated as a
separate subsystem in the same manner that the amplifier line and orifice
were simulated. The input of interest was the flow from the spool chamber.
The output of interest was the spool pressure differential due to its effects on
the first stage.
Parameter Range
Frequency response plots were generated for a variety of amplifier and
orifice parameters. The amplifier line diameter was held constant at 0.070
inches while the orifice diameter varied for 0.010 inches to 0.020 inches. The
combined model was also simulated for temperatures ranging from 100F to
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400F. The simulations were performed in MATLAB using the state space
model obtained in MATLAB from the Simulink block diagram.
2.4.4 Spool Response Simulation
The spool response was simulated for two different servovalve
configurations: one with an orifice and one without an orifice. The combined
amplifier line and orifice model was implemented into the overall valve model
in order to simulate the spool response for configurations with orifices. In
addition, the amplifier line model was implemented to simulate the spool
response for configurations that do no include orifices. The simulations were
performed using
MATLAB
in the same manner as the previous simulations.
Parameter Range
For configurations with an orifice, the amplifier line diameter was held
constant at 0.070 inches while the orifice diameter varied from 0.010 inches to
0.020 inches. For configurations that didn't include an orifice, the amplifier line
diameter was varied from 0.020 inches to 0.125 inches.
Orifice Inclusion/Exclusion
The valve model was simulated without a damping orifice (amplifier line
only) so that the response of the
spool without a damping orifice in the valve
could be compared to the response of the valve with the orifice. Comparing the
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response without the orifice to the response with the orifice will give an idea of
the effects of the orifice on the overall valve response.
Relative Stability Assessment
By analyzing the relative spool motion response, an indication of the
relative stability of the valve can be obtained. Larger spool oscillations in the
frequency range where instability occurs(3300 Hz - 3500 Hz) will result in less
stable behavior, while attenuated spool oscillations in this frequency range will
result in more stable behavior.
2.4.5 Sensitivity Analysis
In analyzing different aspects of the amplifier line and the servovalve, it
was necessary to investigate how the response of various systems or
subsystems changed with various parameters. Sensitivity analyses were
conducted for the spool response, amplifier line response, and orifice
response for the following parameters: temperature, amplifier line/orifice
diameter, inertance of amplifier line/orifice, capacitance of amplifier line/orifice,
and resistance amplifier line/orifice.
In conducting the sensitivity analyses, amplifier line diameter, orifice
diameter, and temperatures were varied over a range of possible operating
values to assess their effects on model parameters. Changes in operating
temperature and amplifier line/orifice diameter cause changes in inertance,
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capacitance, and resistance. The ranges of possible inertance, capacitance,
and resistance values for changes in diameter and temperature were found by
calculating the parameters first as the respective diameter varied and
temperature was held constant, and then as temperature varied and diameter
was held constant. Spool response, amplifier line response, and orifice
response were simulated as each parameter pertaining to the model was
varied individually.
Nominal Parameter Values
Those parameters not being varied were held constant at their nominal
values for an amplifier line diameter of 0.070 inches, and orifice diameter of
0.016 inches. The operating temperature was held constant at 320F except
during the temperature sensitivity analyses. For the temperature sensitivity
analyses, the parameters not being varied were evaluated at an operating
temperature of 100F. The amplifier line and orifice nominal values were
chosen for analysis purposes. Actual nominal values can't be disclosed due to
proprietary concerns. Analysis of the simulations gives an idea of the
sensitivity of the response to the parameter being varied. The range of values
used for each parameter are shown in Table 2-3.
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Table 2-3 Parameter Variation Ranges
Parameter Value Range Nominal Value(s)
Amplifier Line Diameter 0.020 in -0.125 in 0.070 in
Orifice Diameter 0.010 in -0.020 in 0.016 in
Operating Temperature 100F-400F 320F, 100F
3-D Mesh Plotting
When analyzing changes in response due to parameter variation,
several FRFs had to be analyzed as a group. To do this, all of the plots need to
be viewed together. In some cases, all of the FRFs were plotted together on
the same plot and then analyzed to determine the effect of parameter variation.
In most cases, the plots were too complicated to be viewed one on top of the
other. To help in analyzing these response plots, the plots were
compiled into
3-D mesh plots that showed how the response varied as the parameter of
interest is varied.
Sensitivity Example
To help illustrate how the sensitivity studies
were conducted, and how
the results were viewed in three dimensions, an
inductance sensitivity study
will be conducted for the example system
simulated in Section 2.2. For this
example case, the inductance (L) will be varied
from 1 mH to 20 mH in
increments of 1 mH. To view how the response
varies as the inductance
changes, the output can be
viewed in two ways: 2-D response plot and 3-D
response plot. The 2-D response plot
(not shown) shows the response
plots
for each value of L on the same two
dimensional graph. The 3-D response plot
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is a three dimensional surface showing how the response changes as the
parameter being varied changes. The 3-D response plot for the example
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Figure 2-20 Response Plots for Example System as L Varies
Choice of 2-D vs. 3-D Plotting Schemes
The nature of the changes in the response will dictate if they are better
viewed on a 2-D or 3-D representation. The changes in the frequency
response plots can give an indication of the systems sensitivity to certain
parameters. To analyze valve stability, the frequency response gain plots of
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various system components were analyzed as amplifier line and damping
orifice parameters were varied.
Number of Line Lumps
In addition to various parameter sensitivity analyses, a sensitivity
analysis was also performed to determine the response sensitivity to the
number of lumps in the amplifier line model. For this study, the amplifier lines
were modeled using 2,3,4,5, and 6 lumps. Lumps were added in a manner
consistent with that previously noted in Section 2.4.1. The amplifier line
diameter was held constant at 0.070 inches for this study. No orifice was used
for these simulations. The response was analyzed to determine the effect of
increasing the number of lumps in the model on the response.
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3. Results
This chapter contains the results of the simulations and sensitivity
analyses described in Chapter 2. The results presented here will be
discussed in detail in Chapter 4. The simulation results are frequency
response functions(FRFs) and are therefore represented in graphical form.
For analysis purposes some graphs contain more than one FRF. Of those that
do contain more than one FRF, most are 3-D plots while a few others are two
dimensional. The representation of each plot was chosen to aid in analyzing
the particular data presented. It should be noted that some of the 3-D plots
show some resonant peaks whose amplitude appears to fluctuate as the given
parameter varies. This can be seen as a series of jagged or rolling peaks(see
Figure 3-6 for example). Please note that the frequency response functions are
evaluated at discrete points. As a parameter varies the frequency of the
resonant peak may shift. If the peak doesn't fall on a frequency where the
function is evaluated, the resolution of the peak may not be complete. The
result is a series of jagged or rolling peaks as the peak frequency shifts
instead of a smooth transition.
The results contained in this chapter are for a specific servovalve
configuration which is known to have problems with armature instability for
vibratory inputs of approximately 3300
Hz. As a result, many simulations
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concentrate on frequencies near 3300 Hz. The analysis of the simulations will
concentrate on or near this frequency.
3.1 Chapter Overview
The remainder of this chapter is divided into two major sections. Section
3.2 gives the results of the amplifier line and orifice sensitivity studies. Section
3.2.1 give the results for the amplifier sensitivity study while 3.2.2 presents the
results for the orifice sensitivity studies. Section 3.2.3 gives the results of the
combined amplifier line and orifice model simulations and sensitivity analyses.
Section 3.3 contains the results of the relative spool motion response
simulations and sensitivity studies.
Amplifier sensitivity studies were conducted to determine amplifier
response sensitivity to amplifier line diameter and operating temperature
(Section 3.2.1). An analysis was also conducted to determine the effect of the
number of lumps in the line model on amplifier line response (Section 3.2.1).
Orifice sensitivity studies were conducted for orifice diameter and operating
temperature (Section 3.2.2). Combined amplifier line and orifice sensitivity
studies were conducted for amplifier line diameter, orifice diameter, and
operating temperature (Section 3.2.3).
Relative Spool Response sensitivity





The valve amplifier line and orifice are subsystems thought to have a
significant effect on valve stability. These subsystems were analyzed to
determine how changes in subsystem parameters affect that subsystem's
response. Using knowledge of how various valve subsystems interact, these
subsystem variations can be used to predict variations in the level of valve
stability. Parameters that are known to affect valve stability are amplifier line
diameter, orifice diameter (for valve configurations that contain orifices), and
operating temperature. In light of this, subsystem sensitivity to variations in
these parameters was investigated. The results are presented in the
remainder of this section.
3.2.1 Amplifier Line Sensitivity Analysis
The amplifier line was analyzed to determine the sensitivity of its
dynamic response to amplifier line diameter and operating temperature. The
model used for the amplifier line sensitivity analysis does not contain a
damping orifice.
In addition to conducting diameter and
temperature sensitivity analyses,
the amplifier model was also simulated with
different numbers of lumps in the
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model to determine the effect of increasing the number of lumps on simulated
response. The results of these simulations are contained in Section 3.2.1.3.
3.2.1.1 Amplifier Line Diameter Sensitivity
The diameter sensitivity analysis began by determining how various
model parameters vary as the amplifier line diameter is varied from 0.020
inches to 0.125 inches. The relationships between amplifier line diameter and
model parameters were found by calculating the values of the amplifier line
inertance, capacitance, and resistance at various diameters in the range of
interest. Plots showing how lump parameters vary as diameter varies are
shown in Figures 3-1 through 3-3. Each plot contains two traces: one for the
parameter value for a single lump model(i.e. value for entire line) and the
parameter value for a single lump in a two lump lumped parameter model.
The two lump values are half the single lump values.
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Figure 3-1 Lump Inertance Variation
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Figure 3-2 Lump Capacitance Variation
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Figure 3-3 Lump Resistance Variation
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Figures 3-1 through 3-3 illustrate how the value of each lump parameter
varies with the amplifier line diameter. Changes in amplifier line diameter
cause the line capacitance to vary approximately by 10% over the range of
diameters. The effect on the amplifier line inertance is more pronounced. The
inertance increases dramatically as the line diameter is decreased below 0.06
inches. The inertance increases over 300% as the line diameter is decreased
from 0.06 inches to 0.020 inches. Figure 3-3 shows that the line resistance
has a decaying exponential or a
1/x2
type of behavior as the line diameter
decreases. As the line diameter decreases below 0.040 inches, the
resistance increases sharply. From a diameter of 0.040
inches to 0.020
inches, the resistance increases by approximately
800%.
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After determining the ranges of parameter values for the possible
amplifier line diameters, amplifier line response was simulated as the lump
inertance, capacitance, and resistance values were individually varied over the
range of possible values. Each parameter was varied over the range of
possible values calculated for amplifier line diameters of 0.020 inches - 0.125
inches. The parameters not being varied were held constant at their values
for an amplifier line diameter of 0.070 inches. All parameters for this
simulation are for a temperature of 320F. The results of these simulations
show how variations in each parameter affect amplifier line response. These
simulations show the line response sensitivity to the particular parameter
being varied. These sensitivity plots are shown in Figures 3-4 through 3-6.
These plots and all subsequent 3-D plots were generated using
MATLAB
4.2c
software on a Macintosh PowerPC. Due to the image capturing methods, the
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Figure 3-4 Amplifier Line Inertance Sensitivity
(a) flow output (b) pressure output
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Amp Line Capacitance Sensitivity
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Figure 3-5 Amplifier Line Capacitance Sensitivity
(a) flow output (b) pressure output
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Amp Line Resistance Sensitivity
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Figure 3-6 Amplifier Line Resistance Sensitivity
(a) flow output (b) pressure output
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Figures 3-4 through 3-6 show the effects that each parameter can have
on amplifier line response. The capacitance variations seem to have little
effect on the response, while the resistance variations tend to affect only the
amplitude of the response resonant peaks. On the other hand, the inertance
variations seem to affect both the resonant peak amplitude as well as the peak
frequencies.
Simultaneous Variation with Diameter
In practice, it is difficult to change a single parameter without affecting
the other line parameters. This is due to their dependence on the line diameter
and the oil properties. As shown in Figures 3-1 through 3-3, the amplifier line
diameter affects the line inertance, capacitance, and resistance
simultaneously. To analyze the effects that changes in the amplifier line
diameter have on the amplifier line response, the amplifier line response was
simulated as amplifier line diameter varied from 0.020 inches to 0.125 inches.
A plot showing the amplifier line response sensitivity to amplifier line
diameter
is shown in Figure 3-7.
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Figure 3-7 Amplifier Line Diameter Sensitivity
(a) flow output (b)
pressure output
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Figure 3-7 shows that changes in the amplifier line diameter affect the
frequencies of both resonant peaks. However, the changes in amplifier line
diameter have a greater effect on the higher frequency resonant peak. Figure
3-7 shows that the frequency of the higher resonant peak exhibits greater
variation over the range of diameters. From Figure 3-7, it is difficult to
determine if the line diameter has a significant effect on the peak magnitude.
This is due to the fact that the response was evaluated at discrete points. The
resulting resolution is insufficient to accurately determine the peak
magnitudes.
3.2.1.2 Temperature Sensitivity
Changes in temperature can cause the viscosity, density, and bulk
modulus of a fluid to change. Variation in the viscosity, density, and bulk
modulus of a hydraulic fluid can result in variations in the inertance,
capacitance, and resistance of the fluid line. For the temperature sensitivity
analysis the range of inertance, capacitance, and resistance parameter values
were found for temperatures ranging from 100F to 400F. For the
temperature variations, the amplifier line diameter was held constant at 0.070
inches. Plots showing how the model parameters vary
with temperature are
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Figure 3-8 Sensitivity ofAmplifier Line Inertance to Temperature
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Figure 3-9 Sensitivity of Amplifier Line
Capacitance to Temperature
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Lump Resistance as Fluid Temperature Varies
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Figure 3-10 Sensitivity of Amplifier Line Resistance to Temperature
Figure 3-10 shows that temperature variations have a small effect on
the line resistance as compared to the effects of the line diameter. The
resistance varies about 10% - 15% over the given temperature range. The
inertance also varies about 15% over the given temperature range. The
inertance and resistance appear to vary linearly with temperature. Temperature
variations have a greater effect on the line capacitance. Figure 3-9 shows that
the capacitance increases non-linearly as temperature increases, with the
capacitance changing approximately 25%
over the full temperature range
evaluated.
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Once the range of parameter values was determined for the given
temperature range, the amplifier line response was simulated to determine the
effects that variations in the line inertance, capacitance, and resistance have
on the amplifier line response. The response was simulated as each
parameter was varied one at a time. The parameters not being varied were
held constant at their values for an amplifier line diameter of 0.070 inches and
an operating temperature of 100F. These simulations show the effect that the
parameter variations due to temperature have on the line response. Figures 3-
11 through 3-13 show the results of the temperature sensitivity simulations.
Figure too large for
this space.
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Figure 3-11 Amplifier Line Response as Inertance Varies with Temperature
(a) flow output (b) pressure output
69
Amplfier Lir> Response as Capacitance Varies with Temperature
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Figure 3-12 Amplifier Line Response as Capacitance Varies with Temperature
(a) flow output (b) pressure output
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Amplifier Line Response as Resistance Yaries with Temperature
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Figure 3-13 Amplifier Line Response as Resistance Varies with Temperature
(a) flow output (b) pressure input
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Figures 3-11 through 3-13 show that the temperature induced parameter
variations have little effect on the amplifier line response. The capacitance
variations have the most significant effects by causing the natural frequencies
to shift slightly lower(see Figure 3-12).
Simultaneous Variation with Temperature
As Figures 3-8 through 3-10 illustrate, the amplifier line parameters vary
simultaneously with temperature. To see the effect that temperature variations
have on line response, the response was simulated for a 0.070 inch diameter
line for operating temperatures ranging from 100F to 400F. Figure 3-14
shows the amplifier line response sensitivity to variations in temperature.
Figure too large for
this space.
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Amplifier Line Response as Temperature Varies
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Amplifier Line Response as Temperature Varies
6000
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Figure 3-14 Amplifier Line Response as
Temperature Varies
(a) flow output (b) pressure
output
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Figure 3-14 shows that temperature variations have little effect on line
response when the line diameter is held constant at 0.070 in. The only
noticeable effect is the slight shifting of the natural frequencies. This shifting is
indicated by the jagged nature of the peaks.
3.2.1.3 Sensitivity to Number ofLumps in Model
For predicting high frequency dynamics, the number of lumps in a
lumped parameter model must be sufficient to obtain adequate resolution for
frequency range of interest. A rule of thumb on the number of lumps to use in a
lumped parameter hydraulic line is proposed by Doebelin. Doebelin suggests
using 10 lumps per pressure wave wavelength. This rule of thumb indicates
that a single lump is adequate for both amplifier lines. The model developed
by the valve manufacturer included a single lump lumped parameter amplifier
line model. This model was found to be inadequate. As the number of lumps
is increased, the dynamics of the model are changed. To investigate how the
dynamics of the amplifier line model change as the number of lumps is
increased, simulations were run for models with 2,3,4,5, and 6 lumps. All
physical parameters identical for these simulations. The overall amplifier line
inertance, capacitance, and resistance values were not changed. The only
difference in the simulations was the number of lumps that the amplifier line
was divided into. The results of these simulations are shown in Figure 3-15.
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Comparison of Multi-lump Amp Line Models
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Figure 3-15 Sensitivity to Number of Lumps in Model
(a) flow output (b) pressure output
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Figure 3-15 shows that models with two or more lumps give good
accuracy for predicting the fundamental natural frequency. However, it appears
that four or more lumps are required to give an accurate prediction for the
second natural frequency. There is a 23% difference in the second natural
frequency predicted by the two lump model and the second natural frequency
predicted by the six lump model. Another point worth noting is that, as the
number of lumps is increased, higher frequency dynamics are introduced that
are inaccurate or may not actually exist in the valve. This can be seen in the
simulations as the additional resonant peaks that appear in higher lump
models.
3.2.2 Orifice Sensitivity Analysis
The orifice was analyzed to determine its sensitivity to changes in orifice
diameter and temperature. For the simulations conducted, the amplifier line
diameter was held constant at 0.070 inches unless otherwise specified. The
operating temperature is 320F unless otherwise
specified.
3.2.2.1 Orifice Diameter Sensitivity
Orifice response can be affected by changes in orifice inertance,
capacitance, or resistance. To analyze how
variations in each of the orifice
parameters affect orifice response, the response was simulated as each
parameter was varied over the range of possible values. To do this, the range
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of parameter values was determined for orifice diameters ranging from 0.010
inches to 0.020 inches. Figures 3-16 through 3-18 show how each of the
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Figure 3-17 Orifice Lump Capacitance as Orifice Diameter Varies








0.012 0.014 0.016 0.018
Orifice Line Diameter, inches
0.02
Figure 3-18 Orifice Resistance as Orifice Diameter Changes
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Figures 3-16 and 3-18 show that orifice inertance and capacitance are
greatly affected by changes in orifice diameter while Figure 3-17 shows that the
capacitance sees no noticeable change over the given diameter range. The
inertance varies approximately 400% over the diameter range while the
resistance varies approximately 900% over the given diameter range.
Knowing the range of possible values for each parameter, the orifice
response was simulated as each parameter was varied individually over its
range of possible values. The parameters not being varied were help constant
at their values for an orifice with a diameter of 0.016 inches. Figures 3-19
through 3-21 show the response plots for these simulations.
Figure too large for
this space.
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Oririce Response as Inertance Changes
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Figure 3-19 Orifice Sensitivity to Inertance Changes
(a) flow output (b) pressure output
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Figure 3-20 Orifice Sensitivity to Capacitance Changes
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Orifice Response as Resistance Changes
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Figure 3-21 Orifice Sensitivity to Resistance Changes
(a) flow output (b) pressure output
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Figure 3-20 shows that capacitance variations have no noticeable affect
on the orifice response. This is due to the fact that the capacitance varies little
over the given diameter range. On the other hand, Figure 3-21 shows that the
variations in orifice resistance greatly affected orifice response. Depending on
the resistance value, the response can be either overdamped or
underdamped. Figure 3-19 shows that the orifice inertance has the same type
of effect depending on the inertance value.
Simultaneous Variation with Orifice Diameter
The sensitivity of the response to each parameter gives some indication
of how the orifice response will behave as the orifice diameter is varied.
However, orifice capacitance, inertance, and resistance are affected
simultaneously when the orifice diameter is varied. To determine the effect
orifice diameter has on orifice response, simulations were performed for orifice
diameters from 0.010 inches to 0.020 inches. The results of these simulations
are shown in Figure 3-22.
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Figure 3-22 shows that the orifice response can be overdamped or
slightly underdamped depending on orifice diameters. As the diameter
decreases, the response exhibits greater damping and less resonance. When
the response is slightly underdamped, the resonant peak occurs in the range
of 3000 Hz - 3500 Hz.
3.2.2.2 Orifice Temperature Sensitivity
To determine the effects that temperature can have on orifice response,
the relationships between the orifice parameters and temperature was first
determined. These relationships determine the possible range of values for
each parameter for the temperature range of 100F to 400F. The relationships
determined were for an orifice diameter of 0.016 inches. Figures 3-23 through
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Figure 3-24 Temperature Effects on Orifice Capacitance
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Figure 3-25 Temperature Effects on Orifice Resistance
Figures 3-23 and 3-25 show that the resistance and inertance of the
orifice decrease linearly as temperature increases. The resistance varies
approximately 15% over given temperature range. Figure 3-24 shows that the
lump capacitance is relatively unaffected by changes in temperature.
Figures 3-23 through 3-25 show the range of values for each parameter
as temperature varies. Orifice response was simulated as each parameter
was varied individually over its determined range. As each parameter was
varied, other parameters were held constant at their respective values for an
operating temperature of 100F. All parameters
are for an orifice diameter of
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0.016 inches. Results from the sensitivity simulations are shown in Figures 3-
26 through 3-27.
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Figure 3-26 Orifice Response as Inertance Varies with Temperature
(a) flow output (b) pressure output
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Orifice Response as Capacfcmce Varies with Tenperatire
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Figure 3-27 Orifice Response as Capacitance Varies with Temperature
(a) flow output (b) pressure output
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Figure 3-28 Orifice Response as Resistance Varies with Temperature
(a) flow output (b) pressure output
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Figures 3-26 and 3-27 show that temperature induced variations in
orifice inertance and capacitance have little effect on orifice response. Figure
3-28 shows that the temperature induced variations in orifice resistance can
have a significant effect on orifice response. Depending on the value of the
resistance, the response can be either overdamped or slightly underdamped.
Simultaneous Variation with Temperature
As temperature varies, all orifice parameters vary simultaneously. To
see the combined effects of temperature induced parameter variations, the
orifice response was simulated for temperatures ranging from 100F to 400F.
For the simulation, the orifice diameter was held constant at 0.016 inches.
Figure 3-29 shows the results of these simulations.
Figure too large for
this space.
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Orifice Response as Temperature Varies
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Figure 3-29(a) shows that temperature variations can have an effect on
the break frequency of the response. As temperature increases, the break
frequency increases slightly. Figure 3-29(b) shows that at the higher end of the
temperature range, the response also becomes slightly underdamped.
3.2.3 Combined Amplifier Line and Orifice Dynamics
The previous sub-sections give results for simulations of the amplifier
line and the orifice as separate subsystems. This section presents the results
of the simulation of the amplifier line and the orifice together as a combined
subsystem.
Similar to the previous sections, the amplifier line with orifice was
analyzed to determine the sensitivity of the response to variations in various
amplifier line and orifice parameters. Sensitivity analyses were conducted for
amplifier line diameter, orifice diameter, and operating temperature.
To determine the effects that changes in amplifier line or orifice
parameters have on the subsystem performance the effects that each
parameter value has on various model parameters was determined. This gave
possible ranges for amplifier line and orifice model parameters. For the
amplifier line parameters, values were calculated for line diameters from 0.020
inches to 0.125 inches. The relationships between amplifier line diameter and
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amplifier line inertance, capacitance, and resistance were calculated for the
amplifier line sensitivity study and are shown in Figures 3-1 through 3-3. The
range of orifice parameters used for the orifice diameter sensitivity analysis
was for orifice diameters from 0.010 inches to 0.020 inches. The relationships
between orifice diameter and orifice inertance, capacitance, and resistance
were calculated for the orifice sensitivity study and are shown in Figures 3-16
through 3-18. All parameters for the diameter sensitivity were calculated at an
operating temperature of 320F. The range of temperatures used for the
operating temperature sensitivity study was 100F to 400F. The range of
amplifier line and orifice parameters for this temperature range were calculated
with constant amplifier line and orifice diameters of 0.070 inches and 0.016
inches respectively. The range of these parameters was calculated previously
for the temperature sensitivity studies for the amplifier line and orifice. The
relationships between temperature and the amplifier line parameters can be
seen in Figures 3-8 through 3-10. The relationships between the orifice
parameters and temperature can be seen in Figures 3-23 through 3-25.
3.2.3.1 Diameter Sensitivity ofCombinedAmplifier Line/Orifice
To determine the effects that each parameter has on the response of the
combined amplifier line with orifice model, simulations of the amplifier line with
orifice response were conducted as each
parameter was varied individually
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over the range of possible values. The parameters not being varied were held
constant at values for an amplifier line diameter of 0.070 inches and an orifice
diameter of 0.016 inches. Response plots showing changes in response as
amplifier line and orifice inertance, capacitance, and resistance change are
shown in Figures 3-30 through 3-35.
Amp Line wtn Orifice fle-sponse uOrfc* Inertanee Changes
Inmtance, psmcrVsec)
Figure 3-30 Amplifier Line with Orifice Sensitivity to Orifice Inertance
(pressure output)
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Figure 3-31 Amplifier Line with Orifice Sensitivity to Orifice Capacitance
(pressure output)
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Figure 3-32 Amplifier Line with Orifice Sensitivity to Orifice Resistance
(pressure output)
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Figure 3-33 Amplifier Line with Orifice Sensitivity to Amplifier Inertance
(pressure output)
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Figure 3-34 Amplifier Line with Orifice Sensitivity to Amplifier Line Capacitance
(pressure output)
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Figure 3-35 Amplifier Line with Orifice Sensitivity to Amplifier Line
Resistance(pressure output)
Figures 3-30 through 3-35 show that the response of the combined
amplifier line and orifice model is more sensitive to changes in orifice
parameters than to changes in amplifier line parameters. Figures 3-30 and 3-
32 show that the response exhibits the greatest sensitivity to the orifice
inertance and resistance. Changes in these parameter can cause the
response to be overdamped or underdamped. They can also cause the break
frequency to shift dramatically (see Figures 3-30 and 3-32). Figures 3-33
through 3-35 show that the amplifier line parameters have very little noticeable
effect on the response of the combined amplifier line with orifice.
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Simultaneous Variation with Diameter
Additional simulations were performed to see how the response varies
as amplifier line diameter and orifice diameter vary over their given ranges.
Figure 3-36 shows how the combined model response varies as the amplifier
line diameter is varied from 0.020 inches to 0.125 inches and the orifice
diameter is held constant at 0.016 inches. Figure 3-37 shows how the
combined model response varies as the orifice diameter is varied from 0.010
inches to 0.020 inches and the amplifier line diameter is held constant at 0.070
inches.
Amp Line wth Orifice SensHh-tytoAmpLine Diameter
Amp Dameter. inches
Figure 3-36 Amplifier Line with Orifice Sensitivity to Amplifier Line Diameter
(pressure output)
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Figure 3-37 Amplifier Line with Orifice Sensitivity to Orifice Diameter
(pressure output)
Figures 3-36 and 3-37 show that changes in orifice diameter have a
greater effect on the response of the combined amplifier line with orifice model
than changes in the amplifier line diameter. The orifice diameter affects not
only the break frequency, but also the magnitude of the response curve. The
orifice diameter also affects whether the response is overdamped or slightly
underdamped.
3.2.3.2 Temperature Sensitivity
To determine how temperature affects the response of the combined
amplifier line and orifice model, the response was first simulated as each
model parameter was varied over the range of values calculated for operating
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temperatures between 100F and 400F. Each parameter was varied
individually to determine the sensitivity of the response to temperature induced
changes in each parameter. The parameters not being varied were held
constant at their values for amplifier line and orifice diameters of 0.070 inches
and 0.125 inches respectively and an operating temperature of 100F. This
was done for temperature induced variations in amplifier line parameters and
temperature induced variations in orifice parameters. The results of this
sensitivity analysis are shown in Figures 3-38 through 3-43.
Ampiner LinewBi Orifice Response as Crfice Inertance Vane? wth Temperature
Inertance. pstf(clsec) 10 2
Figure 3-38 Amplifier Line with Orifice Sensitivity to Temperature Induced
Variations in Orifice Inertance
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Figure 3-39 Amplifier Line with Orifice Sensitivity to Temperature Induced
Variations in Orifice Capacitance
Ampftfwi Una wttfi OrificeRB*pcn a* Orifice ReWHanca Var.ee *ttTi TempsrBiure
Resistance, pslie is
Figure 3-40 Amplifier Line with Orifice Sensitivity to Temperature Induced
Variations in Orifice Resistance
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Figure 3-41 Amplifier Line with Orifice Sensitivity to Temperature Induced
Variations in Amplifier Line Inertance
Amplifier Linewth Orifice Responses Amp Line Capacitance Vanes ynth Temperatire
Capactance. psVln"3
Figure 3-42 Amplifier Line with Orifice Sensitivity to Temperature
Induced
Variations in Amplifier Line Capacitance
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Resistance, psi/cts
Figure 3-43 Amplifier Line with Orifice Sensitivity to Temperature Induced
Variations in Amplifier Line Resistance
Figures 3-38 through 3-43 show that temperature induced changes in
amplifier line and orifice parameters have little noticeable effect on the
response of the combined model. The parameters that seem to have the most
noticeable temperature induced effects are the orifice inertance and resistance.
Simultaneous Variation with Temperature
To determine the effects of temperature variation on the response of the
combined system, all system parameters must vary simultaneously with
temperature. To determine the sensitivity of the combined system to
temperature, a simulation was performed for the combined model as the
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operating temperature varied over the range of interest. Results of the
simulation are shown in Figure 3-44.
Amplfler Line wtfi Orflce Response as Temperatue Varies
Figure 3-44 Amplifier Line with Orifice Sensitivity to Temperature
Figure 3-44 shows that the low frequency gain is decreased as
temperature increases while the higher frequency gains increase as
temperature increases. Temperature increases effectively push the break
frequency out to higher frequencies. Higher temperatures also cause the
response to become slightly underdamped.
3.3 Whole Valve Dynamics
Sensitivity analyses were conducted to determine the effects that various
valve parameters have on valve stability. In this case, valve stability refers to the
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stability of the armature. The stability of the armature is determined by
analyzing its motion relative to the valve body. In the armature simulation, the
translation of the armature relative to the valve body is the output being
simulated. A bode plot showing relative armature response to vibratory inputs
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Figure 3-45 Relative Armature Response to Vibratory Inputs
The armature gain response shows a resonant peak at a frequency of
approximately 3500 Hz that is about
60 dB higher than the low frequency gain.
This peak indicates a vibratory mode at this frequency which is consistent
with
analysis and tests conducted by the valve manufacturer. This vibratory mode is
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a result of the structure of the torque motor and armature. The response of the
armature is that same as that shown in Figure 3-45 for all valve configurations
which contain the same torque motor and armature design. The response of
the armature is dependent on the structural dynamics of the armature and the
torque motor.
Relative Spool Response
Since the dynamics of the armature are fixed, the only way to reduce
armature oscillation is to reduce the vibratory input to the armature. The
oscillation of the spool in the spool chamber serves as a mechanism which
can amplify or attenuate vibrations of the valve body. As a result, the degree of
valve stability can be analyzed by analyzing the response of the spool to
vibratory inputs. Relative spool response was analyzed for two types of valve
configurations: one without a damping orifice between the amplifier line and
the spool and one with a damping orifice between the amplifier line and the
spool. These simulations can be analyzed to determine the degree of stability
for the two valve configurations.
Please note that the spool response simulations exhibit resonant peaks
at the same frequencies as the armature resonant peaks. These peaks are a
result of the vibratory modes of the armature. There are (proprietary)
mechanisms in the valve which allow armature oscillation to affect spool
response.
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3.3.1 Spool Response without Damping Orifice
The original valve design was a configuration that had no damping
orifice. Spool response was simulated as amplifier line parameters varied
over the range of values for amplifier line diameters in the range of 0.020
inches to 0.125 inches. Figures 3-1 through 3-3 show the range of these
parameters. These are the same values used to determine amplifier line
sensitivity to changes in amplifier line diameter. To determine the sensitivity of
the spool response to each of these parameters, spool response was
simulated as each of the parameters were varied individually. Those
parameters not being varied were held constant at their values for an amplifier
line diameter of 0.070 inches. All parameters are for an operating temperature
of 320F. Figures 3-46 through 3-48 show the results of these simulations.
Figure too large for
this space.
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Figure 3-46 Spool Response as Amplifier Line Inertance Varies
Spool Mooon Response as Amplfler Line Capactance Varies
Capacdnce. psvin'3
Figure 3-47 Spool Response as Amplifier Line Capacitance Varies
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Figure 3-48 Spool Response as Amplifier Line Resistance Varies
Figures 3-46 through 3-48 show that variations in amplifier line
resistance and capacitance have little effect on the response of the spool for
the frequency range of interest. Inertance variations however, have a drastic
effect on the frequency of the second resonant peak. This peak affects the gain
of the spool response for frequencies near the 3500 Hz resonant peak.
Simultaneous Variation with Amplifier Line Diameter
To analyze the effects of simultaneous variations in amplifier line
parameters on spool response, spool response was simulated as amplifier
line diameter varied from 0.020 inches to 0.125 inches. Figure 3-49 shows
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how the spool response varies as amplifier line diameter is varied over the
given diameter range.
Spool MoOc-n Response as Amplfier Line Diameter Varies
Amp Diameter, Incnes
Figure 3-49 Spool Response as Amplifier Line Diameter Varies
Figure 3-49 shows that changes in amplifier line diameter have a
significant effect on the frequency of the second resonant peak. Larger
amplifier line diameters shift the second peak frequency closer to the peak at
3500 Hz which serves to increase the gain in the region near the peak. Also
noteworthy is the fact that smaller amplifier line diameters appear to increase
the gain of the second resonant peak.
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Variation with Temperature
Spool response to variations in temperature was not included in the
results for the combined model because the range of parameter variations for
temperature changes was small compared to that for changes in amplifier line
diameter. The same type of changes in response due to variations in amplifier
line diameter can be expected for parameter variations due to temperature(i.e.
increasing line capacitance has the same effect regardless of what caused the
increase).
3.3.2 Spool Response with Damping Orifice
A damping orifice was added to the amplifier line to try to eliminate
armature oscillation for vibrations at frequencies of about 3300 Hz. To
determine the response of the spool with a damping orifice, several
simulations were conducted as orifice parameters were varied. For all of the
simulations in this section, the amplifier line diameter was held constant at
0.070 inches. Both the amplifier line model and the orifice model were two
lump models.
To determine the sensitivity of the spool response to variations in orifice
parameters, the spool response was simulated
as orifice inertance,
capacitance, and resistance were varied
over the range of values for orifice
diameters from 0.010 inches to 0.020 inches. These values are the same as
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those used to analyze the orifice diameter sensitivity and are illustrated in
Figures 3-16 through 3-18. Spool response was simulated as each parameter
varied individually. Parameters not being varied were held constant at their
value for an orifice diameter of 0.016 inches. All parameters are for an
operating temperature of 320F. Figures 3-50 through 3-52 show the results of
the simulations.
Spool Response as Qnftce Inertance Vanes
Orflce inertance. psirtcefcec)
Figure 3-50 Spool Response as Orifice Inertance
Varies
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Figure 3-51 Spool Response as Orifice Capacitance Varies
Spool Response as Orifice Resistance Varies
Office Resistance, psKs
Figure 3-52 Spool Response as Orifice
Resistance Varies
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Figure 3-51 shows that changes in orifice capacitance have no
noticeable effect on the response for frequencies in the vicinity of 3500 Hz.
Figure 3-50 shows that increases in orifice inertance increase the amount of
attenuation in the vicinity of the 3500 Hz peak. Figure 3-52 shows that lower
resistances result in amplification of the peak in the vicinity of the 3500 Hz
peak. Higher resistances result in greater attenuation of the 3500 Hz peak.
Simultaneous Variation with Orifice Diameter
As orifice diameter varies, orifice inertance, capacitance, and resistance
vary simultaneously. To analyze how the spool
response varies with changes
in orifice diameter, spool response was simulated as the orifice diameter
varied from 0.010 inches to 0.020 inches. Figure 3-53 shows the results of this
simulation .
Figure too large for
this space.
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Spool Response as Orftce Diameter Vanes
Orftce Diameter, incries
Figure 3-53 Spool Response as Orifice Diameter Varies
Figure 3-53 shows that the response for frequencies greater than 3500
Hz is attenuated more as the orifice diameter is increased to 0.020 inches.
The gain for frequencies at or below 3500 Hz seems to lower for smaller orifice
diameters. This suggests that the orifice diameter that results in the optimum
response is a midrange diameter.
The results presented in this chapter give an overall view of how the
amplifier line and orifice behave for various configurations. An explanation of
the relevance of the results presented is given in Chapter 4.
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4. Discussion of Results
4.1 Chapter Overview
This chapter contains a discussion of the results presented in Chapter
3. This discussion explains how the sensitivity analyses help shed some light
on the dynamics of the amplifier line and orifice and explains how they affect
valve stability.
Section 4.2 will discuss the results for the simulations and analyses of
the amplifier line and orifice as isolated subsystems. Section 4.3 will discuss
the results from the simulations and analyses for the combined amplifier line
and orifice as well as the whole valve dynamics and how the dynamics of the
subsystems affect valve stability.
4.2 Isolated Subsystems
4.2.1 Amplifier Line
The amplifier line was analyzed to determine the effects that changes in
amplifier line diameter and operating temperature have on the response of the
line. For this analysis, both flow and pressure outputs were analyzed to get
an
overall picture of how the line behaves. For stability analysis, the pressure
output is the output of greatest interest.
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The model parameters that affect the response of the amplifier line are
the line inertance, capacitance, and resistance. Calculations were performed
to determine how each of these parameters vary with amplifier line diameter
and temperature.
Figures 3-1 through 3-3 show the relationships between the amplifier
line model parameters and amplifier line diameter. As the amplifier line
diameter increases from 0.020 inches to 0.125 inches, the line capacitance
increases, but not significantly. The total increase is only about 8%. As for the
line inertance, it decreases by a more than a factor of three as the amplifier line
diameter increases from 0.020 inches to 0.125 inches. As the line diameter
increases, the inertance follows a
1/x2
type of decay. This is because the
inertance of the line is inversely proportional to the cross sectional area of the
line. This means the inertance is inversely proportional to the line diameter
squared. Although the line diameter has a significant effect on the inertance of
the line, it has a greater effect on the line resistance. Figure
3-3 shows that the
line resistance decreases from a value of about 17 psi/cis for a
line diameter of
0.020 inches to a value of 2 psi/cis at a line diameter of
0.040 inches. This is a
decrease of a factor of eight for a change in line
diameter of only 0.020 inches.
The resistance then slowly decreases to a
value of slightly less than 1 psi/cis
at a diameter of 0.125 inches. This
indicates that the diameter must be
decreased to less than 0.040 inches to attain
significant increases in line
resistance.
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Figures 3-8 through 3-10 show the relationships between the amplifier
line diameter and temperature. Figures 3-8 and 3-10 show that changes in
temperature do not have near the effect on amplifier line inertance and
resistance that the diameter does. The total change in inertance and
resistance over the range of operating temperatures is an order of magnitude
less than the total change over the range of possible amplifier line diameters.
However, it is worth noting that increases in operating temperature cause both
inertance and resistance to decrease slightly. These changes are due to
decreasing density and viscosity of the fluid respectively. As for the
capacitance, it increases by more than 20% over the range of operating
temperatures. The change is of the same order of magnitude as that for the
amplifier line diameter variations.
Once the possible range of model parameter values was determined for
the range of amplifier line diameters and operating temperatures, the amplifier
line response was simulated as each model parameter was varied individually
over the range of possible values. Figures 3-4 through 3-6 show the
simulations for parameter variations due changes in amplifier line diameter.
Figures 3-11 through 3-13 show the simulations for parameter variations due
to changes in operating temperature.
Figure 3-5 shows that the variation of the capacitance over the range of
values for changes in amplifier line diameter has no significant effect on either
amplifier flow or pressure response. Figure 3-6 shows that increases in
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amplifier resistance serve to decrease the magnitude of the resonant peaks in
both the flow and pressure responses. However, the degree of attenuation is
greater for the flow output. This decrease in gain would serve to make the valve
more stable. Figure 3-4 shows that the different inertance values for the given
range of amplifier line diameters have a significant effect on both the flow and
pressure response of the line. Increases in inertance cause the frequencies of
the resonant peaks to migrate to lower frequencies. According to the two lump
model, the changes have a greater effect on the higher frequency peak than on
the fundamental peak. A result of this shifting is that the lower the frequency of
the higher peak, the lower the gain is at higher frequencies. This decrease in
higher frequency gain would result in increased valve stability at frequencies
near 3500 Hz.
By analyzing the sensitivity plots in Figures 3-4 through 3-5, the
conclusion can be made that increased valve stability can be attained by
increasing the amplifier line resistance and the amplifier line inertance. The
line inertance and resistance can be increased by decreasing the amplifier line
diameter. This was confirmed by the sensitivity analyses performed for the
amplifier line diameter. Figure 3-7 shows that the frequencies of the resonant
peaks are lowered as the amplifier line diameter is decreased. This translates
into lower gains at higher frequencies. Figure 3-7 shows that the increase in
stability is seen in both flow and pressure
output as one would intuitively
expect.
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Figures 3-11 through 3-13 show the simulations for the amplifier line
sensitivity analyses with respect to model parameter variations due to changes
in temperature. These Figures show that the parameter variations due to
changes in temperature have little or no noticeable effect on the amplifier line
flow and pressure responses. One could, therefore, conclude from this that
changes in operating temperature have negligible effects on overall amplifier
response. This was verified by simulations of the amplifier line response as
the operating temperature varied from 100F to 400F. From this analysis, one
can conclude that temperature induced variations in the amplifier line have little
effect on overall valve stability.
From the amplifier line diameter and temperature sensitivity analyses,
some conclusions can be drawn about the affects of the amplifier line on the
stability of the valve. One would expect that the amplifier line would cause the
valve to be less stable at higher temperatures. The amplifier line would also
cause the valve to be less stable for larger amplifier line diameters. As a
result, increased stability would be expected for smaller amplifier line
diameters and lower operating temperatures.
4.2.1.1 Model Sensitivity to Number ofLumps in Model
When modeling a continuous system as a
series of discrete




representation. To evaluate the accuracy of the two lump lumped parameter
121
model of the amplifier line, the response of the two lump model was compared
to the response of lumped parameter models with 3, 4, 5, and 6 lumps.
The results of this lump sensitivity analysis are shown in Figure 3-15.
Figure 3-15 shows that, for the configuration chosen for analysis, the
fundamental natural frequency of the amplifier line is approximately the same
for all of the models. However, the second natural frequency begins at
approximately 2300 Hz for the two lump model and increases in frequency to
just above 3000 Hz for the six lump model. This is a significant difference
considering that the frequencies of interest are near 3500 Hz.
The two lump model was chosen for the analysis work contained in this
thesis for two reasons. The first is computational efficiency. The second, and
most important reason, is the fact that the models with increased numbers of
lumps introduce higher order dynamics that may or may not be present in the
actual system. In this case, the higher order dynamics may have affected the
response for frequencies near 3500 Hz. This could have resulted in
misleading conclusions. For this reason, the two lump model was used. In
addition, the two lump model was felt to give adequate accuracy in predicting




Similar to the analysis performed for the amplifier line, the damping
orifice was analyzed to determine the effects that changes in orifice diameter
and operating temperature have on orifice response. To obtain an overall view
of the orifice response, orifice flow and pressure outputs were analyzed.
However, the pressure output is the output of primary interest because it can
have a direct impact on valve stability.
The model parameters that can affect orifice response are the orifice
inertance, capacitance, and resistance. The values of these parameters can
vary as orifice diameter and operating temperature change. Calculations were
performed to determine the relationships between the model parameters and
orifice diameter and operating temperature. The results of these calculations
can be seen in Figures 3-16 through 3-18 and 3-23 through 3-25.
Figures 3-16 through 3-18 show the relationships between orifice
parameters and orifice diameter for diameters ranging from 0.010 inches to
0.020 inches. Figure 3-17 shows that changes in orifice diameter have
negligible effects on the orifice capacitance. Figures 3-16 and 3-18 show that
changes in orifice diameter have a significant impact on the inertance and
resistance parameter values. The inertance decays in a
1/x2
type of decay as
orifice diameter increases. The inertance changes by more than a factor of
three over the range of orifice diameters. Also the range of inertance values for
the orifice is an order of magnitude less than the inertance values for the
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amplifier line. Similar to the inertance, the orifice resistance exhibits a 1/x2 type
of decay as orifice diameter increases. The resistance changes by more that a
factor of eight over the range of orifice diameters used. Figure 3-18 also shows
that the resistance for the orifice is an order of magnitude greater than the
resistance for the amplifier line.
The relationships between orifice parameters and operating
temperature for temperatures between 100F and 400F are shown in Figures
3-23 through 3-25. Figures 3-23 and 3-25 show that both the orifice inertance
and resistance seem to decrease in linear fashion as temperature increases.
Both parameters see a decrease of about 15% over the temperature range.
Figure 3-24 shows that for the temperature range used, temperature has no
noticeable effect on orifice capacitance.
Changes in each parameter can have different affects on orifice
response. To analyze the affects that the each parameter has on orifice
response, the response was simulated as the parameters were varied
individually over the range of possible values for changes in orifice diameter
and operating temperature. Figures 3-19 through 3-21 show the simulation
results for parameter variations due to orifice diameter and Figures 3-26
through 3-28 show the simulations results for parameter variation due to
operating temperature.
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Figure 3-20 shows that changes in orifice capacitance due to variations
in orifice diameter have no noticeable effect on orifice response. This is as
expected since changes in orifice diameter have little effect on orifice
capacitance. Figure 3-21 shows that changes in orifice resistance due to
varying diameters has a significant effect on orifice response. At higher
resistances, both the pressure and flow outputs have lower gains at higher
frequencies (above 2500 Hz). The increased resistance seems to attenuate
the flow through the orifice over the entire frequency range. However, increased
resistance acts to increase the gain of the pressure output at lower
frequencies. This may seem counterintuitive at first, but it is actually the
expected result. Increased resistance means that more pressure is required
to obtain the same flow. This explains the increased low frequency gain with
increases in orifice resistance. Figure 3-19 shows that increases in orifice
inertance can cause the higher frequency gains to increase for both pressure
and flow outputs. Increased inertance can also cause the
fundamental
resonant peak (500 Hz peak) to increase in
magnitude and can cause the
orifice higher frequency resonant peak to be visible in
the orifice response for
the frequency range of interest. The
orifice response typically exhibits typical
overdamped or slightly underdamped
behavior (i.e. there is no second
resonance peak).
To increase the level of valve stability
at higher frequencies, it is
desirable for the orifice pressure gain to
be lower at higher frequencies. By
analyzing Figures
3-19 through 3-21, it can be seen
that increasing the orifice
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resistance and decreasing the orifice inertance provide for enhanced valve
stability in the high frequency range of interest. Increases in resistance require
a decrease in orifice diameter, while decreases in inertance require increases
in orifice diameter. This suggests that there is an optimum mid-range
diameter which will result in a combination of orifice resistance and inertance
that yield the most stable behavior. Figure 3-22 shows how the orifice
response varies as the orifice diameter ranges for 0.010 inches to 0.020
inches. The flow response shows that smaller diameters tend to yield lower
gains, especially at higher frequencies. Also worth noting is the fact that
orifice
diameters above approximately 0.016 inches result in an underdamped
type of
response for both flow and pressure outputs. Figure 3-22(b) shows that the
pressure output response has a lower gain at higher frequencies for orifice
diameters that are in the middle of the range. The Figure also shows that
smaller diameters result in increased lower frequency gains for pressure
outputs. Similar to the flow response, the pressure response also exhibits
resonant behavior for orifice diameters greater than approximately
0.016
inches. Figure 3-22 shows that smaller orifice diameters
result in lower gains
at higher frequencies suggesting that
attenuation occurs. From this it can be
concluded that orifice diameters of 0.016 or
smaller should result in more
stable valve behavior.
To determine the effect that temperature
induced variations in orifice
model parameters have on orifice response,
simulations were performed for
both flow and pressure outputs as
each parameter was varied with
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temperature. Figures 3-26 through 3-28 show how orifice response changes
as orifice inertance, capacitance, and resistance vary with temperature. For
changes in temperature, the only parameter variation that has a noticeable
effect on orifice response is the orifice resistance. The temperature induced
variations don't have the same effect as the diameter induced variations
because the variations in parameter values are of a much smaller magnitude.
Figure 3-28 shows that increased resistance results in lower gains for both
pressure and flow outputs at higher frequencies. Since the resistance is
higher at lower temperatures, this would suggest that lower temperatures
would result in more stable valve behavior.
To analyze the effects that the simultaneous variation of the orifice
parameters with temperature has on orifice response, the response was
simulated as the operating temperature varied from
100F to 400F. Figure 3-
29 shows that the results of these simulations suggest that lower
temperatures result in lower gains at higher frequencies for both flow and
pressure outputs. From this it can be concluded that lower operating
temperatures should result in more stable valve behavior.
Based on the diameter and temperature sensitivity
analyses of the
orifice, the valve should exhibit
more stable behavior for mid-range and smaller
orifice diameters and lower operating
temperatures. The response of the
orifice can vary significantly
with orifice diameter. From this it could be
expected
that changes in orifice diameter would
have significant effects on valve stability.
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4.3 CombinedModel Analyses
4.3.1 Combined Amplifier Line and Orifice
Section 4.2 analyzed the amplifier line and orifice as separate
subsystems. Although it is possible for the amplifier line to be implemented
without an orifice, the orifice is always used in conjunction with the amplifier
line. For configurations that contain damping orifices, the valve subsystem
between the hydraulic amplifier and the spool is the combined amplifier line
and orifice subsystem. The response of the combined amplifier and orifice
model can be compared to the response of the amplifier model alone to
determine which valve configuration exhibits more stable behavior.
To get an idea of the dynamics of the combined amplifier line and orifice,
the combined model was simulated to determine its sensitivity to variations in
amplifier line parameters, orifice parameters, and operating temperature. The
ranges of parameters used for these sensitivity analyses are the same as
those used in the sensitivity analyses for the isolated
amplifier line and orifice
sensitivity analyses. For the combined
model analysis, only the pressure
output was analyzed. The pressure output was analyzed because it is the
output that can directly affect valve stability.
Figures 3-30 through 3-32 show simulations of the
combined model
response as orifice parameters vary with orifice
diameter. Figure 3-30 shows
that the gain of the response is lower, especially at higher frequencies,
for
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lower orifice inertance values. Figure 3-32 shows that the higher frequency
gain of the combined model response is lower for higher orifice inertance
values. Figure 3-31 shows that the changes in orifice capacitance have no
noticeable effect on the combined model response. This was expected
because the orifice capacitance is nearly constant for all orifice diameters
(seed Figure 3-16). Analysis of Figures 3-30 through 3-32 results in the
conclusion that the gain of combined model response can be decreased at
higher frequencies by increasing the orifice resistance and decreasing the
orifice inertance. Choosing a midrange orifice diameter should accomplish the
optimum combination of these changes.
Figures 3-33 through 3-35 show simulations of the combined model
response as amplifier line parameters are varied over the range of possible
values for amplifier line diameters between 0.020 inches and 0.125
inches.
These Figures show that variations in the amplifier line
parameters cause no
significant changes in the response of the combined model. However,
analysis of the amplifier line alone (Section 4.2.1) showed that
smaller
amplifier line diameters resulted in lower gains at
higher frequencies.
From analysis Figures 3-30 through 3-35, it can be
concluded that lower
gains at higher frequencies can be
obtained by choosing a midrange or
smaller orifice diameter. This can be
verified by looking at Figure 3-37.
Figure
3-37 shows simulations of the combined
model response as orifice diameter
varies from 0.010 inches to 0.020
inches. Figure 3-36 also verifies the
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observation that changes in amplifier line parameters have no significant effect
on the response of the combined model. From these observations, one can
conclude that changes made to the orifice will have a greater effect on the
combined amplifier line and orifice response. Thus the orifice has a greater
effect on overall valve stability.
In addition to the effects of amplifier line diameter and orifice diameter,
the effects operating temperature on the combined model response were also
investigated. The range of orifice and amplifier line parameter values that were
investigated are the same as those used for the temperature sensitivity
analyses for the amplifier line and orifice.
Figures 3-38 through 3-43 show the simulations for combined model
response as amplifier line and orifice parameters vary with temperature.
Analyzing these Figures shows that changes in a single parameter with
temperature have little significant effect on the combined model response. The
parameter variation that had the most significant effect on the combined model
response was the orifice resistance. The higher the resistance, the greater the
attenuation in the response. The fact that the temperature induced parameter
variations have little effect on response is most likely due to the fact that the
magnitude of the variations is very slight.
From analyzing Figures 3-38 through 3-43, the response of the
combined model would be expected to be the about same over the
temperature range analyzed. Figure 3-44 confirms this expectation. However,
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there are some slight temperature induced variations in the combined model
response. As temperature increases, the break frequency moves out to higher
frequencies. This means that the gain is higher at the higher frequencies for
higher temperatures. From this it can be deduced that the valve should be
more stable at lower operating temperatures.
4.3.2 Whole Valve Dynamics
When evaluating overall valve stability, the dynamics of the overall valve
must be analyzed. As mentioned in Chapter 1, instability is caused by vibration
induced oscillation of the armature at a frequency of about 3300 - 3500 Hz. To
analyze the nature of the oscillation, the armature model was isolated from the
valve model and simulated to determine the response of the armature to
vibratory inputs. Figure 3-45 shows a bode plot of the relative armature
response to a vibratory input. Figure 3-45 shows that the armature contains a
structural mode with a natural frequency of approximately 3500 Hz. This
indicates that the armature will oscillate for any vibratory input near this natural
frequency.
The mode of instability is a structural vibration mode, it is impossible to
eliminate the mode from the valve without changing the structure of the
armature. However, the instability problem can be solved if the valve can be
configured in such a way that it attenuates any vibration
near 3300 Hz - 3500 Hz
frequency range. There is a mechanism in the valve which is
capable of doing
this. The vibration of the spool inside the spool chamber can serve to amplify
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or attenuate valve body vibrations. For this reason, spool motion was analyzed
to determine the level of valve stability at 3500 Hz.
Similar to previous sensitivity analyses, spool motion response was
analyzed for two valve configurations: one without an orifice and one with. The
configuration without an orifice was analyzed to determine the sensitivity of the
spool motion response to variations in amplifier line parameters. The
configuration with a damping orifice was analyzed to determine the sensitivity of
the spool response to variations in orifice parameters.
Each of the spool response simulations has resonant peaks at the
same frequencies as the armature. These peaks are at frequencies of 500 Hz
and 3500 Hz respectively and are due to the motion of the armature. A series
of
simulations was performed to verify this fact. When the armature motion is
held constant, the resonant peaks disappear from the response. The
armature
oscillations feed to the spool via the hydraulic amplifier and a feedback
mechanism which allows the spool to communicate with the armature (spring
wire).
Figures 3-46 through 3-48 show the simulations for the
spool motion
response as amplifier line parameters are varied over
the range of values for
amplifier line diameters between 0.020 inches and
0.125 inches. Figure 3-46
shows that increases in amplifier line inertance
decrease the frequency of the
second resonant peak (between the 500 Hz
and 3500 Hz peaks). Decreasing
the frequency of this peak
decreases the gain of the motion response for the
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frequencies near 3500 Hz. Figures 3-47 and 3-48 show that increasing
amplifier line resistance and capacitance have little significant effect on the
spool motion response.
From the analysis of Figures 3-46 through 3-48 it can be deduced that
smaller amplifier line diameters (higher inertance) will decrease the frequency
of the second resonant peak. This can be verified by looking at Figure 3-49.
Figure 3-49 shows the results of the simulation of the spool response as the
amplifier line diameter is varied from 0.020 inches to 0.125 inches.
Decreasing the frequency of the resonant peak would result in smaller
amplitude spool vibrations due to vibration input. However, the gains in the
vicinity of 3500 Hz could be reduced to a greater degree if the second resonant
peak (peak between the 500 Hz and 3500 Hz peaks) could be eliminated or
attenuated.
The results of the simulations performed for spool response as orifice
parameters vary can be seen in Figures 3-50
through 3-52. Figure 3-50 shows
that increases in the orifice inertance act to decrease the gain of the response
for the frequencies near the 3500 Hz resonant peak. Figure 3-52 shows that
higher resistances can act to decrease the gain of the response for
frequencies near the 3500 Hz resonant peak. Figure 3-51 shows
that
variations in orifice capacitance have no noticeable effect
on spool response.
This is because the orifice capacitance is nearly
constant for the range of
orifice diameters analyzed. One notable aspect
of the simulations shown in
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Figures 3-50 through 3-52 is that there is no resonant peak visible between the
resonant peaks at 500 Hz and 3500 Hz. For the simulations without the
damping orifice, there was an additional resonant peak between the 500 Hz
and 3500 Hz peaks. The orifice appears to have attenuated the resonant peak
that appears in configurations without a damping orifice.
From the analysis of Figures 3-50 through 3-52, one can conclude that
the spool response has lower gain for higher orifice inertances and higher
orifice resistances. This translates into smaller orifice diameters resulting in
lower gains for the frequencies in the vicinity of the armature resonant peaks.
This fact is evident in Figure 3-53 which shows spool response for orifice
diameters ranging from 0.010 inches to 0.020 inches. Due to the lower gains
at the frequencies near the armature resonant peak at 3500 Hz, increased
stability can be expected for smaller orifice diameters.
Examination of the simulated response plots for valves with orifices and
those without show that the damping orifice acts to significantly attenuate spool
vibration in the frequency range near the 3500 Hz resonant peak. As a result,
increased stability can be expected for valve
configurations that do contain
damping orifices. This degree of stability can be
increased by decreasing the
diameter of the amplifier line and by choosing the optimum damping orifice
diameter.
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5. Conclusions and Recommendations
5.1 Conclusions
The purpose of this project was to develop a dynamic model of the
amplifier line and orifice subsystems of an electrohydraulic servovalve that
would aid in the prediction and correction of instabilities. The specific case
used to evaluate the effectiveness of the model was a servovalve which
experienced instability due to vibration induced armature oscillation. The
frequency at which this instability occurred is at approximately 3300 Hz - 3500
Hz. For this reason, the dynamic properties of the amplifier line and orifice in
this frequency range are of particular interest.
The manufacturer of the valve has developed a linear model in
Simulink*
to try to analyze and predict stability problems. However, this model was
inadequate for predicting the valve instability as well as explaining why
corrective actions were effective. The reason for the inaccuracy was thought to
be the amplifier line and orifice models. The goal of this project was to develop
amplifier line and orifice models which would predict unstable behavior for
known unstable configurations and predict stable behavior for known stable
configurations.
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The model developed for this project is a lumped parameter model with
two lumps per amplifier line/orifice. The two lump model gives a good
representation of the dynamics of the amplifier line fundamental mode and
adequate representation of the second mode. Analysis of the amplifier line
FRF for various numbers of lumps showed that the predicted second natural
frequency for the two lump model was 23% lower than the predicted natural
frequency for the six lump model. This was felt to be adequate for this analysis.
A model with more lumps was not used because of the higher order dynamics
that get introduced with the additional lumps. The possibility of these
mathematically introduced higher order dynamics contaminating the
simulations for frequencies near 3500 Hz was the reason that the two lump
model was used. A lump sensitivity analysis of the orifice was not conducted
because the second frequency resonance does not have a significant effect on
the orifice response. For the orifice, the fundamental frequency dynamics
dominate the response.
Analysis of the armature model showed a resonant peak at a frequency
of about 3500 Hz. This peak indicates a structural vibrational mode at 3500 Hz.
Because this is a structural mode, the mode can't be removed from the valve by
changing the valve amplifier line or orifice
configuration. However, the
amplitude of the armature vibration can be decreased by decreasing the
magnitude of the input vibration. The magnitude of the input vibration to the
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armature can be affected by the vibration of the spool in the spool chamber. It
was found that the spool response for the original valve configuration had a
resonance due to the amplifier line that was near the 3500 Hz armature
resonant frequency. If changes could be made that would eliminate or
attenuate this resonance, the magnitude of the spool vibration would be
decreased for frequencies near 3500 Hz. This would result in decreased
armature vibration and increased valve stability.
To show increased stability, the model needs to show that the gain of
the spool response is decreased for known stable configurations at
frequencies near 3500 Hz. To analyze spool response, the model(s)
developed for this thesis were incorporated with the manufacturer's valve
model. In addition to simulating the entire valve model, individual subsystems
were simulated to analyze how changes in diameter and temperature affect the
subsystem dynamics.
The amplifier line and orifice were both analyzed as separate
subsystems. This subsystem analysis showed that the output gains for both
the amplifier line and orifice can be reduced for frequencies near 3500 Hz by
decreasing the diameters of the line or orifice respectively. However, the orifice
diameter that gives the optimum stability is in the diameter mid-range (at
approximately 0.015). It was also found
that increases in temperature tended
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to increase the gains of these subsystems in the frequency range of interest.
However, the changes in response due to temperature are not significant when
compared to changes in response due to changes in diameter. Since the
amplifier line, and amplifier line with orifice, outputs are spool inputs,
decreasing the output gain of the amplifier line, or amplifier line with orifice at
3500 Hz should decrease the gain of the spool response at 3500 Hz. Also
noteworthy is the fact that the amplifier line contains pronounced resonant
peaks which can be near the 3500 Hz frequency range. As for the orifice, there
were only slight resonant peaks (generally between 2000 Hz and 3500 Hz) for
some configurations. The orifice response has more of a low-pass filter type of
roll-off characteristic.
For valve configurations that contain orifices between the amplifier lines
and the spool, the dynamics of the combined amplifier line with
orifice are of
interest. Simulation of the combined amplifier line with orifice model showed
that the second resonant peak (approximately 1500
- 2500 Hz) of the amplifier
line gets drastically attenuated by the orifice. This was
expected due to the low-
pass type of characteristics of the orifice. From the
results of the combined
amplifier line with orifice simulation, it can be
expected that configurations




When analyzing spool response, valve configurations with an orifice and
without an orifice were analyzed. The spool response for configurations with
an amplifier line only showed a resonant peak between the resonant peaks
due to the armature vibrational modes (between 500 Hz and 3500 Hz). This
peak is due to the second mode of the amplifier line. When an orifice is added
to the valve, the peak between the armature resonant peaks disappears. As a
result, the gain of the spool response is decreased for frequencies in the
vicinity of 3500 Hz. The 3500 Hz resonance in the spool response is due to the
vibration of the armature and can't be attenuated without changing or
constraining the armature.
The results of this analysis show that valve configurations that do not
contain an orifice can be made more stable by decreasing the diameter of
the amplifier line. Analysis also showed that introducing a damping orifice
significantly improved the stability of the valve. The stability of the valve can
be further improved by choosing the optimum orifice diameter.
The model developed for this thesis has been able to predict known
stability problems in unstable valve configurations. The
model also predicts
stable behavior for modifications known to increase the stability of the valve.
Due to the nature of the instability, it is impossible to make the valve absolutely
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stable for the frequency range of interest without making changes to the valve's
first stage.
5.2 Usage Recommendations
The model developed is a generic model which can be applied to any
fluid passage that acts as a fluid transmission line. The model can be directly
implemented into other servovalve models. If a single lump model is desired,
the individual lump models can be used. If a model with more than two lumps
is desired, then the individual lump models can be strung together to
accommodate any number of lumps that is feasible within the software.
If the model or models developed for this project are to be used with
another valve model, the input/output relationships of the model must be
compatible with the valve model. The definitions for the line inertance,
capacitance, and resistance need to be defined and evaluated to simulate the
model.
The multi-lump fluid line model would be
most useful for predicting how
high frequency fluid line dynamics affect the
performance an overall system.
Effects of changes in fluid line parameters on overall
system performance and
stability could be readily
analyzed. The method of analysis is up to the user.
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The model lends itself to analysis in the time domain, the frequency domain, or
in the s-domain.
Transmission line non-linearities can be implemented into the models
developed in this project. Non-linear inertances, capacitances, and
resistances can be implemented by replacing the appropriate gain block by a
function block which defines the non-linear parameter. However, the analysis
routine used for the results presented in this thesis will work for a non-linear
model only after coding modifications are implemented. The current analysis
methodology takes advantage of the current system linearities to speed the
analysis. An analysis routine will have to be developed separately for use with
the particular non-linear model.
5.3 Recommendations for Further Study
The model used for the analysis presented in this thesis was linear.
Further understanding of the stability of the valve may be
attainable by including
non-linearities in the model. In particular, the implementation of non-linear
resistances may yield useful information. Due
to the small diameters of the
amplifier line and orifice, it is likely that their flow restricting characteristics can
be better modeled with non-linear terms. One common non-linear resistance




where P = pressure due to resistance
R = resistance of line
Q = flow through the line
This representation is common for orifices and small diameter fluid
lines. A linearized version of this relationship was used for defining the linear
resistance value used in the analysis presented in this thesis.
Confidence in the model could be increased by verifying its predictions
with experimental data. Although the model predicts more stable behavior for
valve configurations that are known to be more stable, no specific data was
analyzed to verify the amplifier line and orifice model predictions. There were
two obstacles which prohibited the collection of data for the servovalve
analyzed. The first was the fact that there are no measurement devices which
are capable of measuring pressures or flows with frequencies of 3500 Hz. The
second obstacle was the fact that the amplifier line and orifice are in areas of
the valve where it is impossible to take measurements without significantly
modifying the valve. The modifications necessary could change the
characteristics of the line and therefore corrupt the data. In light of these
obstacles, I recommend designing an experimental hydraulic line which has a
second natural frequency that is detectable by currently available pressure
sensors. A similar test setup should also be designed to include a damping
orifice in the hydraulic line. The predicted response of the experimental lines
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could then be compared to experimental data to determine the degree of
accuracy attainable with the amplifier line and orifice models.
In addition to further study of the amplifier lines and orifices, there are
other servovalve subsystems whose dynamics aren't easily predicted. Some
areas of further study include torque motor electromagnetic dynamics, effects
of spool flow dynamics, and effects of hydraulic amplifier dynamics. Study of
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